Monodispersed Carbon Nanodots Spontaneously Separated from Combustion Soot 
with Excitation-independent Photoluminescence 
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We present a facile, low-cost procedure by simple one-step combustion of small organic molecules to obtain ultrafine, hydrophobic, and fluorescent carbon 
nanodots (CNDs). Without further centrifugation and dialysis, we could easily separate CNDs from combustion soot through spontaneous sedimentation. 
Transmission electron microscopy and photoluminescence characterization demonstrated that the collected CNDs possessed a monodispersed size 
distribution with a diameter of 1.9 + 0.5 nm and excitation-independent luminescent properties. Furthermore, after oxidization treatment, the oxidized CNDs 


displayed good water solubility and the highest fluorescent intensity at neutral solution. 


Introduction 


Carbon nanodots (CNDs) are promising candidates in bio-applications because of their optical stability, biocompatibility, and low 
toxicity. 7 Various procedures have been attempted to achieve facile synthesis of CNDs; these procedures can generally be classified 


9-13 solvothermal 


into chemical and physical methods.* Chemical processes include typical carbon-precursor carbonization, 
method, !*! and electro-chemical synthesis, '*!” which can produce high-quality, size-controlled, and functionalized CNDs. However, 
these methods usually use concentrated acids, strong oxidizing agents, and long purification periods. Physical methods include arc- 


19-21 and plasma treatment.?”?> These methods can avoid the drawbacks of chemical methods, but they 


discharge,'® laser ablation, 
need expensive apparatus and the yield of products is low. 

Among the abovementioned methods, the derivation of CNDs from carbon soot is a relatively simple route with high efficiency. 
For example, Liu et al. synthesized multicolor fluorescent carbon particles through oxidant acid treatment of candle soot followed 
by centrifugation and dialysis purification processes.* More recently, Ko and co-workers used tire soot as raw materials and reported 
a successful synthesis method for near-infrared fluorescence CNDs (diameter, 11 + 3 nm).° However, in these approaches, the 
preparation of CNDs from combustion soot requires further treatment, such as thermal refluxing in acid, dialysis, or electrophoresis. 
Therefore, seeking a more facile and rapid method to obtain ultrafine CNDs with excellent luminescent properties remains a great 
challenge. 

In this paper, we present a facile and rapid combustion approach to prepare CNDs. By simple combustion of small organic 
molecules (e.g., 1-octene), we obtained ultrafine, monodispersed, hydrophobic, and fluorescent CNDs from combustion soot without 
further centrifugation and dialysis. Interestingly, such CNDs exhibited excitation-independent photoluminescence (PL). Moreover, 
these hydrophobic CNDs could easily be transformed to hydrophilic ones via oxidation of H2072. 


Experimental 


Materials 


1-octene (99%) was procured from J&K Scientific. Ethanol (=99.7%), hydrogen peroxide (H202, =>30%), and all other chemicals 
were purchased from the Sinopharm Chemical Reagent Co., Ltd. All chemicals were used as received without further purification. 
Ultra-pure water was prepared using a Milli-Q-Plus system. 


The synthesis of the CNDs and the oxidized CNDs 


CNDs were prepared by burning 1-octene (CsH16) in air. For safety, a biphase octene—water system was used during combustion. 
The synthesis process is illustrated in Fig. 1(a—e). Combustion soot was collected at position A and B of the flame and named sample 
A and B, respectively, as described in Fig. 1(f). Sample A and B could be dispersed in organic polar solvents, such as ethanol, 
acetone, acetic acid, and chloroform. When sample A was dispersed in ethanol, large particles spontaneously aggregated and 
completely precipitated in 24 h, and a supernatant bright-yellow solution was observed in the right bottle of Fig. 1(e). However, 
when sample B was dispersed in ethanol, the suspension was stable for at least one month as shown in the left bottle of Fig. 1(e). 
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Fig. 1 (a-e) Simple combustion of 1-octene for monodispersed, ultrafine CNDs. (f) Illustration of collecting sites for sample A and B. 


The surface of as-prepared CNDs in sample A was hydrophobic, which limited their practical bio-application. Therefore, to make 
the prepared CNDs hydrophilic, 1.0 mL of 30% H202 aqueous solution was added to 2.0 mL of the CND colloidal solution. The 
mixture was dried at 70 °C—90 °C in a vacuum drying oven. Oxidized CNDs (OCNDs) were then obtained, which demonstrated 
good solubility in water. 


Characterizations 


The structure and size distribution of CNDs were investigated by transmission electron microscopy (TEM; JEOL JEM-2010, Japan). 
A MALVERN instrument (Zetasizer 3000 HSa) was used to measure the zeta potential of the suspension of combustion soot. PL 
measurements were performed with a fluorescence spectrophotometer (F-4600, Hitachi). The compositional analysis of CNDs and 
OCNDs was performed on X-ray photoelectron spectroscope (ESCALAB 250). The Fourier-transform infrared (FTIR) spectra were 
recorded with a FTIR apparatus (Nicolet 8700). The pH of OCND aqueous solution was varied by dropwise addition of HCl or 
NaOH aqueous solution and monitored with a S220 Seven Compact pH meter (Mettler Toledo). 


Quantum yield measurements 


Quinine sulfate in 0.1 M H2SOs4 (quantum yield (QY) = 0.54) was chosen as the reference standard. The absolute values were 
calculated with a standard reference sample that had a fixed and known fluorescence QY, according to the following equation (1): 


I OD, n° 
=Q,—-—_£-_ , (1) 
O= Ox I, OD n 


where Q is the QY, / is the measured integrated emission intensity, n is the refractive index, and OD is the optical density. The 
subscript R refers to the reference fluorophore of known QY. 


Cell imaging 


Human lung cancer A549 cells were grown in Dulbecco's modified Eagle's medium (DMEM, Hyclone), supplemented with 10% 
(vol/vol) fetal bovine serum (FBS, Biowest). The cells were maintained in a humidified atmosphere with 5% CO2 at 37 °C. Initially, 
cells were seeded into 12-well plate for 24 h with 60-70% confluent. Then, the cells were cultured in DMEM medium of OCNDs 
with different concentrations (0—50 mg/L). And the cells were further incubated for 24 h at 37 °C in 5% CO2. Thereafter, the medium 
was removed and the cells were washed with Phosphate Buffered Saline three times. Finally, the cells were photographed by a 
fluorescence microscope (Olympus) with excitation filters for UV. 


Results and discussion 


The TEM image of the product from supernatant solution in sample A is shown in Fig. 2(a). The CNDs were clearly uniform in size 
with good dispersion. The size distribution of CNDs was determined from the statistical analysis of 300 nanoparticles based on TEM 
images. The corresponding size distribution histogram in Fig. 2(b) indicated that the CNDs were monodispersed with an average 
size of 1.9 + 0.5 nm. This size distribution was much more uniform and smaller than that of previously reported CNDs derived from 
combustion soot.?”* The HRTEM image (inset at the upright corner of Fig. 2(a)) indicated the crystalline nature of CNDs with a lattice 
spacing of 0.24 nm. 
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Fig. 2 (a) TEM image and (b) size histogram of the CNDs obtained in sample A (inset shows HRTEM image of a single CND). TEM (c) and HRTEM (d) image of carbon 
products in sample B. 


Fig. 2(c) and (d) show typical TEM images of the product formed in sample B. Onion-like carbon nanoparticles with a size of 

~22 nm were observed, and no fine CNDs were found. CNDs could not be obtained from the combustion soot collected at the top 
position of the combusting flame. These results demonstrated that the collection position of combustion soot in flame was critical to 
the carbon product. The disappearance of CNDs in sample B was probably due to the further growth and attachment of CNDs in 
flame.?5?6 Dobbins et al. also proved that the size of particles from the centerline of the flame increases with the height above the 
bottom of the flame.?”? Therefore, CNDs could be collected at the position in the inner flame by combustion of small organic 
molecules. 
According to the experimental observation, we found that the CNDs could be separated spontaneously from sample A in ethanol 
solution without further purification, such as centrifugation, dialysis, or electrophoresis. The reason for the spontaneous separation 
of CNDs in sample A was investigated. The chemical ionization reaction was proposed as the mechanism of the formation of 
combustion soot and charged particles in flame.?>*°*8 Therefore, we inferred that the charged surface of particles in flame was 
responsible for colloidal stability. Zeta potential is usually used to measure the stability of a colloidal solution, and a high zeta 
potential results in strong repulsion that prevents aggregation.”?°° As such, we measured the zeta potentials of sample A and B. As 
shown in Fig. 3, the zeta potential pattern of sample A and B displayed a positive zeta potential (+18.9 mV) and a negative zeta 
potential (—54.2 mV), respectively. According to the literature, colloids are considered to have good stability when characterized by 
an absolute value of zeta potential within the range of 41-60 mV.*! However, if the absolute value is below 30 mV, the colloid 
prefers aggregation and sedimentation.*? These findings were in agreement with the stability of sample A and B, as shown in Fig. 
1(e). Therefore, a low absolute value of zeta potential of combustion soot was the fundamental reason for the spontaneous separation 
of CNDs in sample A. 
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Fig. 3 Zeta potential pattern of sample A (red) and B (blue) dispersed in ethanol. 


The optical properties of CNDs dispersed in ethanol were investigated by optical emission spectroscopy. The PL spectra presented 
three PL peaks centered at 406, 432, and 458 nm (Fig. 4(a)). Interestingly, all the PL peaks did not shift when the excitation 
wavelength was altered, except for a change in relative intensity. This distinctive excitation-independent PL was different from most 
excitation-dependent PL reported in previous studies.* The PL excitation (PLE) spectra (Fig. 4(b)) were further measured at the 
detected wavelengths of 406, 432, and 458 nm. Most of the PLE peaks did not notably shift at different emission wavelengths. The 
calculated PL QY of the CNDs was 14.9% with quinine sulfate used as a reference (Table 1). 


Table 1. Quantum yield of CNDs (in absolute ethanol) and OCNDs (in water) using quinine sulfate as a reference. 


Excitation 
Sample wavelength I OD n Q 
dex (nm) 
Quinine 306 537918 0.017 1.33 0.54 
sulfate 320 401605 0.020 1.33 0.54 
CNDs 306 326658 0.039 1.36 0.149 
OCNDs 320 165641 0.088 1.33 0.051 


As described above, both PL and PLE spectra of prepared CNDs displayed multiple peaks, which indicated that multiple energy 
levels were related to the stimulated emission processes. However, whether these energy levels originate from intrinsic states or 
defect states was analyzed. As reported in previous studies,* defect states usually display luminescence after the blue region and 
exhibit excitation-dependent emission, which were inconsistent with our results. Thus, we suggested that the distinctive optical 
properties should arise from intrinsic states. As reported by Radovic et al., the carbon products derived from combustion soot might 
have carbyne- and/or carbene-like structures, both of which have seven HOMO and LUMO energy levels with two singlet levels 


and five triplet levels.** 
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Fig. 4 (a) PL spectra of CNDs excited at 280, 300, 340, and 380 nm. (b) PLE spectra of CNDs at detection wavelengths of 406, 432, and 458 nm. (c) TRPL decay profile 


of CNDs recorded at different emission wavelengths of 406, 432, and 458 nm. (d). Schematic of the electric structure of CNDs based on PLE data in Fig. 4(b). HOMO 
and LUMO+1 are singlets, whereas all other values are triplets. 


Thus, we speculated the electronic structure (Fig. 4(d)) of CNDs based on PLE spectra. However, singlet/triplet levels are still 
indistinguishable. Thus, the recombination dynamics of CNDs were investigated, the results showed in Fig. 4(c). It is apparently that 
decay curves detected at 406 nm (3.05 eV) displayed a longer decay time than those detected at 432 and 458 nm. The difference 
should be attributed to the delay time of intersystem crossing (10-'°-10°8 s) between singlet and triplet excited states,*> and also 
implies that emission of 406 nm might correspond to radiation transition between singlet levels. But, as shown in Fig. 4(d), the 
energy gaps from LUMO+1 to HOMO and from LUMO to HOMO-2 are 3.06 eV and 3.07 eV, respectively, which are both very 
close to 3.05 eV (406 nm). If LUMO is singlet state, radiation transition of the emission of 432 nm (2.87 eV) from LUMO to HOMO- 
1 will be spin-forbidden transition. It would result in a much longer delay time detected at 432 nm than that detected at 406 nm. 
Therefore, we can confirm that LUMO+1 and HOMO are singlets, whereas the others are triplets. Since the HOMO is singlet, the 
luminescence resources reasonably originated from the carbyne-like structure.??*2 

In addition, as-prepared CNDs are hydrophobic, which limits their practical bio-application. Oxidization treatment is a common 
method to make CNDs hydrophilic by introducing hydrophilic oxygenous functional groups, such as carboxy] groups, on the surfaces 
of CNDs.* In the present study, we treated CNDs with a certain amount of 30% H202 and found that the CNDs showed good 
solubility in water after oxidation. The FTIR spectrum of OCNDs revealed a peak centered at 1735 cm™!, which corresponded to the 
stretching vibration of C=O bonds in carboxyl groups (Fig. 5a). The carboxyl groups were also confirmed by X-ray photoelectron 
spectroscopy (XPS) characterizations showed in Fig. 5b. High-resolution XPS spectra of C 1s peaks displayed the presence of C=O 
bonds (289.1 eV) related to the carboxyl groups, as well as C=C bonds (284.6 eV). Elemental analysis indicated that the oxygen 
content of OCNDs was 37.27 at.%, while oxygen content of CNDs was only 3.24 at.%. The large increase of oxygen content should 
be attributed to hydrogen dioxide treatment. However, small amount of oxygen of CNDs might result from the exposure of samples 
to air.” Furthermore, the OCND aqueous solution was acidic, indicating the appearance of carboxyl groups on the surface of OCNDs, 
which should be responsible for the hydrophilicity of OCNDs. 


201708.00219v1 


chinaXiv 


a 
D, 


O 200 400 600 800 1000 
Binding energy (eV) 


Intensity (a.u.) 


1000 1500 2000 2500 3000 3500 278 282 286 290 294 298 
Wavelength (cm) Binding energy (eV) 
Fig. 5 (a) FTIR spectra of CNDs and OCNDs; (b) High-resolution XPS spectra of C 1s peaks of CNDs and OCNDs. Inset: XPS patterns of CNDs and OCNDs. 


The PLE and PL spectra of OCNDs dispersed in water are shown in Fig. 6(a). The PLE spectra presented two peaks centered at 
264 and 320 nm at a detection wavelength of 436 nm. The PL peaks exhibited a slight red-shift when the excitation wavelength 
varied from 300 nm to 370 nm. The QY of the OCNDs was also measured with quinine sulfate as the reference, but the value 
decreased to 5.1% compared with that of CNDs (Table S1). Except for water solubility, environmental factor is also important to 
practical bio-applications. Therefore, we investigated PL emission behaviours of the OCNDs under varied pH values (Fig. 6(b)). 
The highest fluorescent intensity of the OCNDs was observed at neutral condition. 
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Fig. 6 (a) PLE spectra of OCNDs with an emission wavelength of 436 nm and PL spectra of OCNDs excited at 300, 320, 340, and 370 nm. (b) pH-dependent PL intensity 
of OCNDs excited at 320 nm. 


The fluorescence imaging of OCNDs in Human lung cancer A549 cells was then investigated by fluorescence microscope. The 
result clearly showed that auto-fluorescence from the cells themselves was undetectable upon UV illumination (Fig 7 (b)). However, 
bright fluorescence was observed (Fig 7 (d), (f)) from cells incubated with OCNDs. Furthermore, the fluorescence intensity increased 
significantly with the concentration of OCNDs from 10 mg/L to 50 mg/L. These results indicated that OCNDs could penetrate into 
the cell easily and accumulate in the cell. Thus, the material of OCNDs provided great promise in serving for cell-imaging 
applications. 
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Fig. 7 Representative fluorescence micrograph of A549 cells treated in the absence (control) or presence of the CNDs as described in Methods. Cells untreated (a, b) were no 
fluorescence while most all of cells were positive (blue) when treated by CNDs at 10 mg/L (c, d) or 50 mg/L (e, f). Scale bar = 1 mm. 


Conclusions 


We presented a low-cost, one-step approach to obtain ultrafine, monodispersed, and luminescent CNDs by facile combustion of 
small molecules. Given the small absolute value of zeta potential of large soot particles, CNDs were purified by spontaneous 
sedimentation. The size distribution of the CNDs was relatively narrow with an average diameter of 1.9 + 0.5 nm. Most interestingly, 
CNDs, of which the QY was approximately 14.9%, presented special excitation-independent PL features that could be easily 
distinguished from common excitation-dependent fluorophores. Such CNDs could only be dispersed in polar organic solvents, but 
oxidization by H202 could make them soluble in water. The OCNDs displayed a QY of 5.1% and the highest fluorescent intensity 
at neutral solution. These OCNDs should have potential applications in bio-imaging and labelling. 
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